ABSTRACT Responses of individual spinal ganglion neurons, sympathetic ganglion neurons, and motoneurons of frogs to linearly rising currents were investigated utilizing microelectrodes for intraceUular stimulation and recording. Spinal ganglion neurons exhibited rapid accommodation to linearly rising currents. Minimal current gradients (MCG's) required to excite these neurons (average value, 106 rheobases/sec) were of the same order of magnitude as for some nerve fibers. Although sympathetic ganglion neurons exhibited responses to lower current gradients than spinal ganglion neurons, distinct MCG's (average value, 26 rheobases/sec) could always be established. MCG's could not be detected in most motoneurons, even with current gradients as low as 0.6 rheobase/sec. A few motoneurons exhibited distinct MCG's (average value, 11 rheobases/sec). The failure of spinal ganglion neurons to respond to anything other than rapidly rising currents appears to be due primarily to the development of severe delayed rectification. The inability of sympathetic ganglion neurons to respond to low current gradients appears to depend not only on delayed rectification but also on increases in depolarization threshold. When present in motoneurons, accommodation appears to result from the same mechanisms responsible for its appearance in sympathetic ganglion neurons.
factors to the accommodative properties of different types of neurons has not yet been assessed.
The aim of our investigation was to compare accommodative attitudes of several types of neurons differing with regard to geometrical complexity and mode of activation, and to examine the mechanisms determining these attitudes. Frogs were chosen as experimental animals since they provided different populations of neurons which could be easily dissected and maintained as isolated preparations. Most of the experiments were carried out on spinal and sympathetic ganglion ceils. These ceils are similar in that they are almost spherical in shape and possess no dendrites; they differ in that only sympathetic ganglion cells have synaptic contacts (Huber, 1899; Lenhossek, 1886) . Tests were also carried out on motoneurons so as to permit direct comparison with a slowly accommodating neuron type. A preliminary report has been presented (Stoney and Machne, 1966) .
M E T H O D S
Spinal ganglia, sympathetic ganglia, and spinal cords were obtained from frogs (Rana pipiens) stored at 7°C for I-2 wk preceding the experiments. The isolated preparations were mounted in a groove on the floor of a Lucite chamber through which saline was continuously flowing. A temperature probe was placed within 2 mm of the preparation to allow continuous temperature monitoring.
Membrane resting and action potentials were recorded intracellularly by means of glass capillary microelectrodes filled with 3 • KC1. The indifferent electrode consisted of an Ag-AgC1 wire embedded in 3 M KC1 agar. A high impedance input stage with a negative capacitance adjustment, a high gain amplifier, and a cathode ray oscilloscope were used for DC amplification of the potential changes. Direct stimulation of impaled neurons was accomplished by applying the current to the same microelectrode used for recording. A bridge circuit was used to cancel stimulation artifacts and the current was measured by recording the potential drop across the low resistance arm of the bridge.
Linearly rising currents were obtained by modifying the sawtooth output of a Tektronix type 162 waveform generator. Electrode polarization often caused distortion of the potential records when the injected current exceeded 2.5-5 X 10 -9 amp. Therefore, polarization effects and adequacy of bridge balance were calibrated with square pulses or linearly rising currents following withdrawal of the microelectrode from the cell. Results obtained when polarization caused resistance changes of greater than 10% in the microelectrode were rejected. When necessary, the time course of intracellularly recorded potential changes was corrected for inadequate bridge balance according to the calibrations.
Physiological saline used for spinal ganglia had the following composition, in mu/liter: NaC1 112; KC1 3.5; CaC12 2; NaHCO3 2.5. For isolated spinal cords the composition was, in mg/liter: NaC1 74.5; KC1 3.5; CaCI2 2; NaHCO8 35; dextrose 26. A mixture of 95 % 02-5 % CO2 was continuously bubbled through the reservoir of spinal cord saline. Most of the experiments on sympathetic ganglia were performed with the same saline solution used for spinal ganglia. However, some sympathetic ganglia were examined in spinal cord saline in order to ascertain that differences in saline composition had no significant influence on their accommodative properties. Salines were buffered to a pH of 7.0--7.4 with an organic buffer (Trizma, Sigma Chemical Co., St. Louis, Mo.). All experiments were carried out at 14°C ± 2°C.
R E S U L T S

General Characteristics
Average membrane resting potentials and spike amplitudes recorded in the three types of neurons are presented in the second and third columns of Table  I . These values are in good agreement with those reported by previous authors (Hunt and Nelson, 1965; Ito, 1957; Machne, Fadiga, and Brookhart, 1959) .
TAB L E I AVERAGE CELL AND RESPONSE C H A R A C T E R I S T I C S * Fig. 1 A shows that in SG neurons the relation between depolarizing current and voltage was linear only for currents well below rheobase and that delayed rectification was quite severe before the current intensity reached rheobase. In agreement with Ito (1957) , the slope of the hyperpolarizing current-voltage relationship in some SG neurons exhibited nonlinear increases or decreases with polarizations greater than 20 inv. Delayed rectification was also noted in SyG neurons (Fig. 1 B) , but it usually became pronounced only with currents greater than rheobase. No evidence of delayed rectification was found in motoneurons for currents below and up to rheobase (Fig. 1 C) .
Membrane resistances calculated on a total of 17 cells from I -V relationships obtained with hyperpolarizing currents are presented in the last column of Table I . Resistance values for SG cells and motoneurons are close to those reported by Ito (1957) and Araki and Otani (1955) , respectively. Values for SyG neurons are in good agreement with those reported by H u n t and Riker (1966) , but contrast with values found by Nishi and Koketsu (1960) and H u n t and Nelson (1965) . Direct stimulation with long, suprathreshold pulses produced repetitive firing in SyG cells and in motoneurons, but never produced 
Responses to Linearly Rising Currents
SG neurons exhibited more rapid accommodation than SyG neurons or motoneurons. T h e y could only be excited by rapidly rising currents and, if the current gradient was progressively reduced, a gradient could be found below which the cell would not respond even though the current eventually reached a value several times larger than rheobase. An example of a response elicited by a current with a slope near the minimal current gradient (MCG) effective for excitation is shown in Fig. 2 B1. The responses to gradients slightly above and below the M C G have been photographically superimposed. Extracellular
calibration for electrode polarization and bridge balance with rectangular pulses, one of which is shown in Fig traces, it is apparent that after the initial 20-25 msec the rate of change in m e m b r a n e potential was m u c h reduced. Fig. 2 A1 shows the response of another SG neuron to equal depolarizing a n d hyperpolarizing current gradients. Whereas the hyperpolarization continues to increase for the duration of the current, the depolarization very nearly flattens out. This severe rectification for o u t w a r d current is, of course, in keeping with previous observations with constant current pulses (Fig. 1 A) . T h e peculiar curvilinear relationship between hyperpolarizing current and voltage resembles responses of frog muscle fibers to hyperpolarizing current gradients (Knutsson, 1964) and is in keeping with the observation that the inward current I -V relationship (obtained with rectangular pulses) for this unit exhibited an increasing slope in the region of 25-50 mv hyperpolarization. However, check for electrode polarization (Fig. 2 A2 ) revealed a slight (3-5 my) polarization effect which m a y have also contributed to the curvilinearity. The graph in Fig. 2 C illustrates changes in current threshold observed in an SG neuron stimulated with currents rising at different rates. Threshold initially decreased with decreasing current gradients but increased when the rate of current rise approached the M C G effective for excitation. The early portion of the curve is attributable to the fact that with steep gradients current thresholds were reached after very brief current applications. Thus, this part of the curve corresponds to the strength-duration curve obtained with rectangular current pulses. However, the minimum threshold was always above the rheobase value measured with rectangular current pulses. With current slopes at the MCG, SG neurons never responded with latencies greater than 20-30 msec (i.e., SG neurons never responded after the onset of rectification) and linearly rising currents never elicited more than one spike. The average and range of MCG's effective for excitation in nine SG neurons are presented in Table II .
SyG neurons could respond to much slower rates of current rise than SG neurons; however, gradual reduction of the gradient revealed a M C G requirement for these cells also. The responses of two SyG neurons to linearly rising currents are shown in Fig. 3 . A1 shows that equal depolarizing and hyperpolarizing current gradients produced asymmetrical membrane polarization. Rectification in SyG neurons was less severe than that seen in SG neurons, the depolarization continuing to increase after the onset of rectification, albeit at a slower rate. The response of the same neuron to M C G stimulation is shown in Fig. 3 A2. SyG neurons invariably responded to linearly rising currents at the M C G with self-terminating trains of spikes (6 ~ spikes in different cells) and Fig. 3 B1 illustrates a particularly good example of this characteristic in another SyG neuron. The response of this neuron to near-MCG stimulation recorded at a faster sweep speed (Fig. 3 B2) reveals that the train of spikes was preceded by small membrane potential oscillations. Such "rugged" potentials have been observed in cat motoneurons (Sasaki and Oka, 1963; Yamashita, 1966) but their origin has not been determined.
Variations of current threshold in another SyG neuron stimulated with currents rising at different rates are illustrated in Fig. 3 C. Thresholds for the first through the sixth spike in the train of impulses are plotted against spike latencies. T h e M C G required for excitation is considerably lower than the M C G of SG neurons (Fig. 2 C) . The average value and range of MCG's determined on 10 SyG cells are presented in Table II . In marked contrast to SG
cells, SyG neurons exhibited considerable variation in spike latency with stimulation at the MCG. Spike trains could sometimes be elicited with latencies which varied over a range of 500 msec by repeated (3-5 sec intervals) M C G stimulation. In addition to increases in current threshold, SG and SyG neurons exhibited increases in depolarization threshold for spike initiation as the slope of the currents approached the MCG effective for excitation. In order to estimate the role of rectification and that of depolarization threshold increases in determining the MCG, experiments were performed in which cell excitability was tested during the application of slowly rising currents (gradients below the 18.6 X I0 -° 11 (11-24) (7-27) <0.7 X 10 -9 <0.4 * Numbers in parentheses following each cell type give the number of neurons examined. Numbers in parentheses below each value show the range. § MCG's were not detected in these neurons. For comparison, the average of the lowest gradients used to excite these neurons has been included in the table.
MCG). For this purpose, current and depolarization thresholds were measured with a 10 msec depolarizing current pulse superimposed, at various. times, on the linearly rising current. Four SG and three SyG neurons were examined in this manner. Typical results obtained in two experiments are shown in Fig. 4 . From top to bottom the graphs show changes in current threshold, conditioning current, changes in depolarization threshold, and the Fmum~ 3. Responses of SyG neurons to linearly rising currents. Ab membrane polarization (upper traces) produced by depolarizing and hyperpolarizing currents (lower traces) with equal gradients; responses photographically superimposed. An off-response follows termination of the hyperpolarizing current. A,, responses of the same neuron to MCG stimulation. The neuron was stimulated twice and a spike train was elicited in only one of the trials; responses photographically superimposed. As, extracellular calibration for electrode polarization and bridge balance indicates that potential records of A1 and A2 were slightly overestimated. Nonlinearity of potentials produced by hyperpolarizing gradients indicates a small polarization effect which probably accounts for the slightly nonlinear hyperpolarizing potential of A1. B1, B~, responses of another SyG neuron to gradients very near the MCG. Voltage and current calibrations of B2 also apply to B1. See text for further description. C, changes in current threshold (expressed as multiples of the rheobase, I/Io) in another SyG neuron stimulated with currents rising at different rates (dashed lines). Thresholds for first to sixth spikes of the spike train elicited at different gradients are plotted against spike latency. The MCG is shown as a solid line. Spikes in A and B retouched for reproduction.
~5 6 T H E
depolarization produced by the conditioning current. The data plotted in the left graphs (A) were obtained from a SG neuron. It can be seen that the current threshold remained constant for about 20 msec, to rise sharply thereafter; at 50 msec it was more than twice the rheobase value. Inspection of the time course of membrane depolarization shows that the current threshold increase coincided with the onset of severe rectification. Depolarization threshold, on the other hand, increased only slightly during the whole testing period. The data plotted in the graphs of Fig. 4 B were obtained from a SyG neuron. Current threshold remained constant during the initial portion of the conditioning current and began to increase after about 100 msec, its increase coinciding with the onset of rectification. In marked contrast to SG neurons, the depolarization threshold increased to well over 2 0 0~ of its original value.
Most of the motoneurons I studied (8 of 11) exhibited very slow accommodation. T h e y were capable of responding to currents rising as slowly as 0.6-1.3 rheobases/sec, with first spike latencies of 1-2 sec (see Table II ). MCG's, if they existed for these neurons, must have been below these gradients. An example of the response of a nonaccommodating motoneuron to a slowly rising current is shown in Fig. 5 A; there is no evidence of delayed rectification. The
Identified on the basis of a single, short-latency action potential evoked by stimulation of ventral root. graph of Fig. 5 B illustrates changes in current threshold when this neuron was stimulated with currents rising at different rates. With decreasing gradients current threshold fell to near the rheobase level, then gradually increased as the gradients became very slow. With the slowest gradient utilized the motoneuron fired when the current reached a level 1.5 times the rheobase level. Five of the eight nonaccommodating motoneurons exhibited an average increase in current threshold of 0.51 rheobase when stimulated with current gradients requiring 1 sec or more to cause cell discharge. The remaining three neurons exhibited an average increase of only 0.02 rheobase. A similar group- ing of threshold increases has been observed in cat and rat motoneurons (Bradley and Somjen, 1961; Sasaki and Otani, 1961) . Neurons that exhibited little or no accommodation to linearly rising currents often showed marked reduction of spike electrogenesis during depolarizations produced by synaptic activation. An example of this phenomenon in an unidentified spinal neuron is illustrated in Fig. 6 . Spiking was completely abolished during synaptically induced depolarization (Fig. 6 A) , although stimulation with very low current gradients, as low as 0.4 rheobase/sec, elicited a response (Fig. 6 B) . These observations indicate that in such neurons the depolarization rate plays a minor role in controlling spike electrogenesis.
Three motoneurons accommodated relatively rapidly and exhibited M C G requirements. An example of the response of a M C G type motoneuron to a
c u r r e n t g r a d i e n t n e a r the M C G is shown in Fig. 5 C. After the first 200 msec the linearly rising c u r r e n t p r o d u c e d little additional m e m b r a n e depolarization and, a l t h o u g h the plateau level was above the depolarization threshold level for the first spike, no additional spikes were g e n e r a t e d d u r i n g the plateau.
Thus, b o t h rectification a n d increase in depolarization threshold a p p e a r to be m y e l i n a t e d nerve fibers . T h e severity of the rectification exhibited by these neurons, the small increase in depolarization threshold with slowly rising currents, and their inability to respond to stimulation at the M C G with latencies greater than 20-30 msec (i.e., after the onset of rectification) suggest that membrane rectification alone may be sufficient to account for the existence of a steep minimal current gradient requirement in these neurons. Depolarization-threshold increase with currents of long duration is not essential for the establishment of a minimal current gradient, although it must contribute to the reduction of excitability during the later part of slowly rising currents. These findings are in keeping with results on myelinated fibers of toads (Tasaki, 1950; Tasaki, 1957) and squid giant axon (Hagiwara and Oomura, 1958) , but differ from those obtained on myelinated fibers of Xenopus laevis (Frankenhaeuser and Vallbo, 1965; .
In sympathetic ganglion neurons rectification is less severe and depolarization-threshold increase more marked with slowly rising currents than in spinal ganglion neurons. Furthermore, spike trains can be elicited in these neurons with long and variable latencies by stimulation at the MCG, indicating that the depolarization threshold for spike initiation differs only slightly from the membrane potential which develops during M C G stimulation. Thus, increases in depolarization threshold play an important role in determining accommodation in sympathetic neurons. The minimal current gradient effective for excitation is the lowest rate of current rise sufficient to maintain a rate of depolarization which exceeds the rate of increase of depolarization threshold.
Our results on the nonaccommodating type of motoneurons conform with those reported for motoneurons of other species (Bradley and Somjen, 1961 ; Frank and Fuortes, 1960; Sasaki and Otani, 1961) . Prolonged firing obscured the time course of membrane depolarization during the later part of slowly rising currents; however, it is clear that delayed rectification was minimal or absent up to the appearance of the first spike. Since in such neurons spike electrogenesis may be abolished during intense synaptic depolarizations, the nonaccommodating neuron must owe its properties to the fact that the trigger level for spike generation is low compared to the depolarization level that significantly alters the processes which control spike electrogenesis. In analogy to nerve fibers (Hagiwara and Oomura, 1958; Hodgkin and Huxley, 1952) one could say that the threshold level for turning on sodium inactivation (or potassium activation) is set well above the m i n i m u m trigger level for spike discharge. It should be understood, of course, that for frog neurons there is no direct evidence linking increased depolarization threshold to sodium inactivation or delayed rectification to potassium activation. The attribution of such processes to these neurons is a matter of descriptive convenience only, based on the fact that these two processes are of major importance in determining accommodative attitudes in nerve tissue of various species (Frankenhaeuser and Vallbo, 1965; Hagiwara and Oomura, 1958; Hodgkin and Huxley, 1952 ;
Tasaki , 1950 . This analogy is not meant to rule out the possibility that additional or completely different processes might be operating in frog neurons. The functional significance of rapidly accommodating motoneurons is obscure. Such neurons have been reported for cat and toad spinal cord (Araki and Otani, 1959; Ushiyama et al., 1966) ; however, a larger sampling would be required to determine whether these motoneurons in frog spinal cord represent a distinct type rather than a different functional state. Whatever the status of these neurons, it appears that their accommodative attitudes are determined by essentially the same processes which account for accommodation in spinal ganglion and sympathetic ganglion neurons.
Thus, the results of our study indicate that the accommodative attitude of each neuron is determined by the intrinsic properties of its membrane, i.e. by its rectifying ability, the relation between steady-state sodium inactivation and membrane potential, and the manner in which these are related to the critical depolarization level for excitation. This conclusion is compatible with observations that neuron accommodation can be modified by synaptic inputs from other neurons and by directly applied current pulses (Sasaki and Oka, 1963; Sasaki and Otani, 1969; Ushiyama et al., 1966; Yamashita, 1966) .
It is fitting that the rapidity of neuronal accommodation decreases in the sequence, SG neurons > SyG neurons > motoneurons, as the role of synaptic integration (as judged in terms of fraction of soma-dendritic membrane occupied by synaptic knobs) increases in the same order (Hunt and Nelson, 1965; Silver, 1942) . It is not clear, however, whether the presence of an increased proportion of soma membrane devoted to synaptic function or, perhaps, the increased geometrical complexity (dendritic arborizations) of higher order neurons has any unique effect on the properties which determine accommodation.
S U M M A R Y
Accommodation to linearly rising currents was studied in spinal ganglion cells, in sympathetic ganglion cells, and in motoneurons of frogs. Perfused, isolated preparations were used.
Spinal ganglion cells were capable of responding only to rapidly rising currents and exhibited distinct minimal current gradient requirements (average value, 106 rheobases/sec). No response could be elicited below the minimal current gradient regardless of the peak current. The minimal current gradient in these neurons appears to be determined primarily by the development of severe rectification to depolarizing currents.
Sympathetic ganglion cells could respond to much slower rates of current rise than spinal ganglion cells, but a minimal current gradient requirement was always present (average value, 26 rheobases/sec). In these neurons, the existence of minimal current gradient requirements appears to result not only from delayed rectification, but also from increases in depolarization threshold.
Most motoneurons exhibited very slow accommodation and were capable of responding to currents rising as slowly as 0.6-1.3 rheobases/sec. No minimal gradient for excitation was established for these neurons. A few motoneurons exhibited fairly rapid accommodation and exhibited a minimal gradient (average value, 11 rheobases/sec).
These findings indicate that accommodation, when present in neurons, is brought about by the same processes which account for its appearance in nerve fibers; i.e., delayed rectification and increases in depolarization threshold for spike initiation. The tendency of a neuron to accommodate depends on whether the processes which control rectification and depolarization threshold are initiated at membrane potential levels close to or above those necessary to cause excitation.
